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Abstract
We present a general approach to growing ZnO nanowires on arbitrary, high melting-point (above
970◦C) substrates using the Vapor-Liquid-Solid (VLS) growth mechanism. Our approach utilizes
the melting point reduction of suﬃciently small (5 nm diameter) Au particles to provide a liquid
catalyst without substrate interaction. Using this size-dependent melting eﬀect, we demonstrate
catalytic VLS growth of ZnO nanowires on both Ti and Mo foil substrates with aspect ratios in
excess of 1000:1. Transmission electron microscopy shows the nanowires to be single-crystalline, and
photoluminescence spectra show high-quality optical properties. We believe this growth technique
to be widely applicable to a variety of substrates and material systems.
PACS numbers:
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1The Vapor-Liquid-Solid (VLS) growth mechanism, ﬁrst demonstrated by Wagner and
Ellis [1], has become a widely-used method for synthesizing semiconductor nanowires [2, 3].
In VLS growth, a liquid catalyst serves as a site for preferential adsorption of the gaseous
source material, and the nanowire precipitates upon supersaturation of the catalyst droplet.
The VLS mechanism is desirable because growth from a liquid catalyst proceeds 10-100
times more rapidly than growth from a solid catalyst [4]. VLS growth of ZnO nanowires
has been extensively studied due to the favorable optoelectronic properties of ZnO, which
include a wide bandgap (3.37 eV), strong exciton binding energy (60 meV), and potential
use as a transparent conductor [5–7]. Typically, VLS growth of ZnO nanowires relies on the
eutectic formed at the interface between a Au catalyst and a Si substrate. This eutectic
melts at a lower temperature than either Au or Si independently, thereby enabling VLS
growth to occur at temperatures below that needed for comparable rates of direct vapor-
solid growth. However, because Si from the substrate is necessary for the catalyst to liquefy,
this method is not simply translatable to other growth substrates. A generic approach to
nanowire growth that is substrate-independent could enable growth on ﬂexible, conductive,
and low-cost substrates.
Eﬀorts have been made to generalize nanowire growth to metallic substrates, including
the growth of CdS nanowires from Cd foil via a solution synthesis method [8, 9] and ZnO
growth from catalyst-free oxidation of brass and Zn foil [10, 11]. However, these methods
are ultimately limiting in that they rely on the substrate to provide source material for
nanowire growth. Other methods include seeding the surface with ZnO catalysts [12], which
appears to be limited to solution-synthesis; using Al foil as a mask for supersaturation, which
lacks the ability to control growth position through catalyst positioning [13]; and sputtering
Au/Pd catalyst onto the substrate prior to growth, which requires a reaction between the
catalyst and substrate for growth [14].
Here we demonstrate a simple and generic approach to VLS growth of ZnO nanowires that
utilizes size-dependent melting [15–17] of nanometer-scale Au particles (typically ∼ 5n m
diameter) to provide a liquid catalyst without any substrate interaction. We demonstrate
this method on both Ti and Mo foil substrates and expect it to be applicable to a variety
of nanowire materials, catalysts, and high melting-point substrates.
The growth apparatus used for this experiment consisted of a single-zone tube furnace
(from Lindberg/Blue) through which we passed a metered ﬂow of Ar and O2 in a 1000:1 ratio.
2A quartz sample holder, containing both the substrate and a mixture of ZnO powder and
graphite (1:1 ratio by volume), was used to move the substrate in and out of the hot zone of
the furnace, thereby initiating and terminating nanowire growth. Ti foil (from Alfa Aesar)
and Mo foil (from Aldrich) were used as substrates. These were ﬁrst cleaned in acetone
and ethanol and then rinsed in deionized water. Au catalyst nanoparticles suspended in an
aqueous solution (from BBInternational) were deposited from a pipet onto the metal foil
substrates and allowed to air dry, which left a characteristic ring-shaped deposit of clustered
nanoparticles along the initial contact line of the droplet. Positional and density control of
Au nanoparticle monolayers has been demonstrated in the literature; [18] here, we focus on
a demonstration of nanowire growth using size-dependent melting.
We used both 5 nm and 30 nm diameter Au particles. According to the literature, the
melting point of a 5 nm Au particle is depressed to approximately 750-850◦C, while a 30 nm
particle melts at the bulk temperature of 1064◦C [16]. Thus 5 nm particles should liquefy
while 30 nm particles remain solid at the growth temperature of 975◦C. We conﬁrmed this
by annealing the as-deposited particles (Figures 1a and 1b) at 975◦C for 3 hours. The
annealing took place under conditions identical to those used for nanowire growth, except
that no ZnO or graphite source powder was present. Figure 1c shows the sample with 5 nm
particles that displays agglomeration characteristic of melting, whereas the sample with 30
nm particles shows no such agglomeration (Figure 1d), indicating the the 30 nm particles
did not melt. Extended annealing (24 hours) at lower temperature (400◦C) showed no
agglomeration for either particle size. Since no eutectic exists between Au/Ti or Au/Mo at
the growth temperature, we attribute the melting of the 5 nm particles to nanometer-scale
size eﬀects that are independent of the substrate.
Because the VLS mechanism requires a liquid catalyst, we expect ZnO nanowire growth
to occur only on the substrate containing 5 nm Au particles and not on that containing 30
nm Au particles. After a growth of 45 minutes at 975◦C, ZnO nanowires were present only
on the samples containing 5 nm Au particles and grew only on the part of the metal foil
covered by Au catalyst. A typical growth using 5 nm particles on Mo foil is shown in Figures
2a and 2b, which shows extensive growth of ZnO nanowires. The wires ranged in length
from 10-30 µm and in diameter from 100-300 nm and also exhibited a small catalyst particle
at their tip, characteristic of VLS growth. This is contrasted by the lack of nanowires in the
post-growth image (Figure 2c) of the foil patterned with 30 nm Au particles, which instead
3FIG. 1: Scanning Electron Microscopy (SEM) images using a Zeiss Ultra 55 at 5 kV with a working
distance of 8 mm. (a) SEM image of the as-deposited 5 nm Au nanoparticle catalysts on Mo foil.
(b) SEM image of the as-deposited 30 nm Au nanoparticle catalysts on Mo foil. (c) SEM image
of the 5 nm Au nanoparticles post-annealing. We believe that the presence of such large (50-150
nm) particles is the result of agglomeration as the 5 nm particles melt, which is contrasted with
the (d) SEM image of the 30 nm Au nanoparticles post-annealing, in which the particles retain
their initial diameter of 30 nm and do not exhibit any agglomeration.
catalyzed only bulk ZnO growth (EDS analysis of the surface revealed signiﬁcant traces of
Mo, Zn, and O).
In order to demonstrate the generality of our method, we repeated the growth procedure
described above on Ti foil substrates, which like Mo do not melt or form a eutectic with
gold at the growth temperature. Robust VLS growth was also achieved from the 5 nm Au
particles on the Ti foil, whereas no nanowire growth was observed on the sample containing
30 nm particles. The growth does not seem to be entirely substrate-independent however,
as wires grown on the Ti foil were thinner (40-70 nm diameter, compared to 100-300 nm for
those grown on Mo foil) and were often accompanied by sail-like structures. This may be a
result of the native surface oxide that forms on Ti, although further investigation is needed.
Room-temperature photoluminescence measurements were conducted to conﬁrm that the
nanowires were, indeed, ZnO. Figure 3 shows a characteristic PL spectrum from nanowires
on Ti and Mo, showing band-edge luminescence of the wires at approximately 3.28 eV -
close to the 3.37 eV bandgap of ZnO. This red shift in the band-edge emission is consistent
with other reports in the literature and may be the result of band lowering eﬀects such
4as Stokes shift, or defect and impurity states [19]. We attribute the broad sub-bandgap
peak near 2.5 eV from the wires grown on Ti foil to surface defects, such as singly ionized
oxygen vacancies [20]. This feature is much less strong in wires grown on Mo foil, which
is consistent with reports that correlate nanowire diameter with band-edge and sub-band
peak intensity [21]. Transmission Electron Microscopy (TEM) diﬀraction (inset of Figure 3)
shows that our nanowires have high-quality single-crystal wurtzite structure, as commonly
reported in literature [22].
In conclusion, we have demonstrated a substrate-independent approach to growing ZnO
nanowires that utilizes the size-dependent melting eﬀect of small Au particles. We believe
that this method can be extended to other materials systems grown by the VLS method
and, because of the universal nature of size-dependent melting [15, 17], can also be used
with a variety of catalyst materials. This approach could be one method of generalizing
nanowire growth to a variety of substrates and materials.
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6FIG. 2: Scanning Electron Microscopy (SEM) images using a Zeiss Ultra 55 at 5 kV with a working
distance of 8 mm. (a) Characteristic SEM image of ZnO nanowires grown on Mo foil containing
a ring of 5 nm Au particles. The wire growth is catalytic in that growth occurs only on the ring
of nanoparticles and not on the bare metal foil. (b) ZnO nanowire growth on Mo foil shown at
higher magniﬁcation. Wires on this sample ranged in length from 10-30 µm and in diameter from
100-300 nm; the full range of diameters that we observed was 40 nm to 1 µm. (c) Post-growth
SEM image of Mo foil containing 30 nm Au particles, which shows only bulk ZnO crystal growth
and no nanowires.
7FIG. 3: (Color online) Photoluminesence spectra from ZnO nanowires grown on Mo and Ti foil
substrates showing characteristic band-edge luminescence near 3.3 eV. A broad sub-band peak near
2.5 eV was observed in wires grown on Ti foil but not in those grown on Mo foil. We believe this is
a surface area eﬀect caused by the smaller diameter of the wires grown on Ti foil. The sample was
excited using a 325 nm He-Cd laser. (Inset) Transmission electron microscopy electron diﬀraction
image of a ZnO nanowire showing single-crystalline structure. The c/a ratio is approximately 1.64,
characteristic of a wurtzite lattice.
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